The metabolism of the cartilage proteoglycan aggrecan was studied in patients with osteoarthritis (OA, n = 83), rheumatoid arthritis (RA, n = 127), and in controls (n = 117) using monoclonal antibody-based radioimmunoassays for glycosaminoglycans in the serum and synovial fluid (SF) to detect epitope 846 on chondroitin sulfate (probably only on recently synthesised molecules) and a keratan sulfate (KS) epitope AN9PI, present on intact and degraded molecules.
Introduction
Destruction and remodeling of articular cartilage are features of both rheumatoid arthritis (RA) ' and osteoarthritis (OA) ( 1 ) . In OA, where there is relatively little synovial inflammation, the cartilage matrix degradation is usually accompanied by enhanced synthesis of proteoglycans. This has been demonstrated in both the human disease (1, 2) and in experimental models (3, 4) . In contrast, intra-articular inflammation is a major feature of RA, resulting in polymorphonuclear (PMN)-rich cellular exudates in the joints. But relatively little is known about cartilage proteoglycan changes in this disease, or what influence the inflammation and the effects PMN products may have on matrix synthesis. In RA there is excessive production of cytokines such as interleukin la and 13 (5, 6) , and these may stimulate chondrocyte-mediated matrix degradation (7) (8) (9) . There is both in vivo (10) and in vitro (11) (12) (13) (14) evidence that these same cytokines can act as potent inhibitors of matrix synthesis, at concentrations at least an order of magnitude less than those required to stimulate degradation ( 11) .
The extensive extracellular matrix of hyaline cartilage contains a dense network of composite collagen fibrils composed mainly of type II, together with type IX and XI collagens (9) . Contained within this network are large proteoglycans (called aggrecan) many of which can aggregate with hyaluronic acid. In adult cartilage, these molecules contain a relatively large proportion of the glycosaminoglycan keratan sulfate (KS) in addition to chondroitin sulfate (CS) (15) . Proteoglycans isolated from adult articular cartilage consist of partially degraded molecules containing the KS rich region of aggrecan (16, 17) .
Previous studies of aggrecan from fetal, immature, and adult articular cartilage revealed that an epitope identified by a monoclonal antibody called 846 (which is chondroitin ABC lyase labile), is most concentrated in the fetus (18) . This CS-related epitope disappears progressively with aging, alongside a relative increase in the amount of KS in cartilage; the 846 epitope is almost absent from mature adult cartilage (17, 18) . However, in OA this epitope is usually present in increased content, located on the largest of the aggrecan molecules (17) . It may be confined to the most intact and recently synthesized aggrecan molecules, and may therefore be a marker of aggrecan synthesis. Related native CS epitopes also appear in the articular cartilage of dogs with experimental OA ( 19) , and in human OA cartilage (20) . These CS epitopes, including the 846 epitope, have not been detected in other adult tissues (Poole, A. R., and A. Reiner, unpublished results).
Using antibodies to core protein and KS epitopes on aggrecan, we and others have shown that degradation products can be found in synovial fluids (SF) and sera of patients with a variety of different types of arthritis (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . KS-containing fragments, measured by ELISA, have been shown to be present in increased amounts in the SF, and possibly in the serum, of patients with OA (22) (23) (24) (25) , although they may be unchanged or decreased in content in the sera of patients with RA (29, 30) . Our previous studies using an immunoassay which detects relatively large PG fragments containing KS (31 ), revealed that there was an inverse correlation between the content of these molecules and the acute phase reactant orosomucoid in the sera of patients with RA (29) . A similar observation has since been recorded by another group using a different KS assay (30) . More recently an inverse correlation has been observed between serum KS (32) and TNFa levels, indicating an effect of inflammation on systemic cartilage metabolism. However, changes in the content of KS-rich degradation products in arthritis could also result from differences in the reactivity of antibodies to KS in large and small fragments, as a result of changes in epitope density, an effect that can be minimized by the use of monovalent Fab fragments (31) .
In the present study, we have studied patients with RA and OA, as well as a group of subjects without arthritis. We have shown that proteoglycan fragments bearing the CS epitope 846, as well as KS, are detectable in sera and SFs. We demonstrate significant differences in the levels of these fragments in patients with OA and RA. The 846 epitope is strikingly elevated in sera of patients with RA in contrast to reduced KS levels. In SF the 846 epitope also shows marked elevations in this case over serum levels, and especially in OA. We have specifically investigated the hypothesis that the SF concentration of these aggrecan fragments will be related to the degree of local inflammation and severity of joint damage, whereas serum levels will relate to the degree of systemic disease activity.
Methods
Subjects. After obtaining local ethics committee approval for the study, serum samples were collected from 117 ambulatory subjects attending a blood donor center, none of whom had any evidence of arthritis or any other inflammatory disease. This control group comprised 63 women and 54 men (Table I) . Serum and SF samples were also collected from patients with knee arthritis requiring withdrawal of SF for diagnostic or therapeutic reasons, the serum sample being collected at the same time that the joint was aspirated. Patients were excluded if they had had a steroid injection into the index knee joint within three months of the study; other therapy was not taken into account. There were 127 patients with active RA and synovitis of the knees (88 women, and 39 men [ Table I ]) and 83 patients with OA of the knee and an effusion (61 women and 22 men). All patients had been referred to the Department of Rheumatology at the Bristol Royal Infirmary; RA was diagnosed by ACR criteria (33) and OA on the basis of use-related pain in the index joint, combined with radiological features of OA, including definite joint space narrowing. The patient groups were further divided into three groups, according to disease duration; 58% of the RA patients had had the disease for more than 10 yr, 39% for 2-10 yr, and only 3% (four subjects) for less than 2 yr. 60% of those with OA had suffered for more than 10 yr, 36% for 2-10 yr, and 4% (three subjects) for less than 2 yr.
Clinical assessments. The joint from which SF was obtained was assessed for pain and evidence of local inflammation at the time of the aspiration. Pain was measured on a 0-1-2-3 scale (none, mild, moderate, severe), and the size of any effusion, as well as local heat and tenderness on 0-1-2 scales (absent, present, severe). The presence or absence of ligamentous instability was also recorded.
Synovialfluid analyses. All SFs were aspirated from the suprapatella pouch of the knee joint using a 23 gauge needle. They were immediately transferred into sterile containers containing no anticoagulant or preservatives. The initial examination and separations were carried out within 2 h of collection. A few drops of the fluid were used to estimate the total and differential leucocyte counts, which were divided into three categories each as follows: (a) total leucocyte counts < 1 x 105/ml; 2. 1 x 105 -1 x 106/ml; 3 (31) . These assays both utilize human adult aggrecan radiolabeled with 125I as the tracer and unlabeled aggrecan as the standard. The assays employ second step antibodies (anti-mouse IgG or anti-mouse IgG Fab) as described previously (29, 31 (Fig. 1) . The KS IgG assay gave very similar results for these analyses (data not shown).
Mouse monoclonal IgM antibody 846 (17, 18) was used in a similar radioimmunoassay to that for KS using "uI-labeled human fetal aggrecan, except that for body fluids a pig anti-rabbit IgM serum was used instead of Protein A-bearing Staphylococcus aureus, which is normally used for tissue samples (17) . All Statistical analyses. Means±standard deviations were recorded. Mann Whitney analyses of significance were performed when comparing groups. Spearman rank analyses of correlation were used to relate aggrecan markers to each other and to inflammation markers. Correlation coefficients (r), levels of significance (P), and means±standard deviations are shown.
Results
It was not possible to perform all assays on each of the samples obtained, explaining some variation in numbers available for each category of the results.
Concentrations of aggrecan epitopes in sera and SFs Serum and SF KS. Using the IgG immunoassay to detect primarily the large KS-containing aggrecan core protein fragments, no difference was found between serum levels in the normal control subjects and in those with OA. However, levels in patients with RA were significantly lower than in either of the two groups (Table II) . Use of the Fab reagent in the immunoassay, which also detects small KS-bearing fragments, resulted in significantly higher KS serum levels in all groups (especially the control) when compared with the IgG assay of larger fragments (p < 0.001), (Table II, Fig. 2 ). With this Fab assay, we found that serum levels were significantly less in both the OA and RA groups when compared to the normal control subjects. A greater proportion of RA patients (32%) than OA patients (10%) had Fab KS levels that were well below the lower limit of normal (Table II) . Correlations between the two assays were significant in the serum in all three patient populations, but were higher in RA (r = 0.74, n = 116) and OA (r = 0.74, n = 89) than in the normal controls (r = 0.49, n = 113) where the differences between the two assays were most apparent, due to the presence of smaller KS-containing fragments of core protein in serum. At present there is no indication that these differences could relate to differences in KS chain length.
SF levels of KS were often higher than those in the serum, irrespective of which of the two assays was used, or whether the patients had RA or OA (Table II and III, Fig. 3 ). In addition, excellent correlations (p = 0.0001) between the two assays were observed in both patients with RA (r = 0.94, n = 131) and OA patients (r = 0.85, n = 64) ( Table II) . The ratios of KS levels in the two body fluids in individual patients were also determined (Table III) . These ratios were similar in both diseases, and with both assays, the majority of patients having higher KS levels in the SF than in the serum.
There were no significant correlations between serum and SF levels of KS for each individual assay but serum KS measured by the IgG assay showed a weak correlation with SF KS determined by the Fab assay in OA and the IgG assay in RA (Table IV) .
Serum and SF chondroitin sulfate epitope 846. As shown in Table II and Fig. 2 , serum levels were slightly higher in OA patients than in normal controls, but much higher in the RA patients. SF levels were very much higher than serum levels in both patient groups, the relative mean ratio between serum and Correlations between KS and 846 assays Correlations were observed between the KS and 846 epitope levels in both sera and SF (Table IV) . A weak but statistically significant positive correlation between serum KS levels, measured by the IgG assay (larger fragments), and serum 846 levels was observed in the sera of patients with OA and in the normal controls but not in RA. Yet the ratio of 846/KS (Fab assay) epitopes was significantly higher than in the normal ratio in patients with RA (Table II) mainly because of the common increase in serum of 846 epitope and the decrease in KS Fab' in these patients. SF levels of KS, measured by the Fab assay (smaller fragments) and the 846 epitope levels were inversely related in RA and, to a much greater extent, in OA. When the ratio of the 846 epitope to the KS (Fab assay) epitope was examined in SF of these patients, the ratio was higher in RA than OA but this difference was not significant due to wide variations (Table II) . A direct relationship was also observed in RA between serum KS (measured as IgG or Fab assays) and SF 846 epitope.
Correlations between serum aggrecan assays and assays of systemic and joint inflammation These are illustrated in Table IV , which demonstrates how well one parameter followed another. In patients with RA there was a significant inverse relationship between serum KS (Fab assay) and the acute phase protein orosomucoid. Serum KS (Fab assay) was also inversely correlated with SF MPO (Fig. 4) . Moreover, where joint leucocyte count was increased KS levels were reduced (Fig. 5) . In contrast, no correlations between KS and acute phase protein were apparent in patients with OA. In RA serum KS (Fab assay) was also indirectly correlated with total joint score. Total joint score also correlated with the ratio of RA serum epitope 846 to KS (Fab assay) epitope in RA showing that the decrease in serum KS and increase in serum 846 are related to joint disease (Fig. 6 ). Thus serum KS is reflective of both systemic and local (joint) inflammation.
Correlations between synovial fluid aggrecan assays and measures of local joint inflammation
The data were examined for evidence of correlations between the KS (Fab assay) and 846 epitope levels in the SF and the local measures of inflammation, including clinical evidence of pain, warmth, swelling, and tenderness, the SF total and differential leucocyte counts, and the SF levels of ECP and MPO.
Although individually epitopes 846 and KS (Fab assay) did not correlate with total joint score, the ratio of SF 846/KS revealed a significant increase, although of relatively low significance, as joint score decreased (Fig. 6 ). In RA, KS levels increased with elevated leucocyte count (Fig. 5 ), but aggrecan epitope 846 decreased. The ratio of SF 846 and KS (Fab assay) epitopes was also clearly decreased as leucocyte counts increased (Fig. 7) . In contrast, KS levels were reduced in OA when leucocyte count increased or less significantly, when PMN became the dominant cell type (differential count), but there were no changes in 846 epitope in relationship to cell counts or type (differential count).
In RA, there were no observed correlations between either SF KS or 846 and ECP or MPO levels. However, in OA a significant inverse correlation existed for KS (Fab assay) and ECP and MPO concentrations (Table IV) confirming the negative association for KS with the level of intra-articular inflam- LGs-64 Correlations between SF aggrecan epitope levels and evidence ofjoint destruction
Correlations were sought between the SF aggrecan levels and the duration and severity of disease in the knee joint from which the fluid had been obtained. Aggrecan levels were therefore related to disease duration, presence or absence of knee instability, and the radiographic features of the index knee joint. No correlations were seen in the RA group. In OA, although numbers were relatively small, there was a statistically significant increase in levels of the 846 epitope in SF with increased disease duration and increased joint space narrowing (cartilage loss) determined from the radiographs (Fig. 6) . Moreover, this correlation with disease duration was also, observed when the ratios of 846 and KS (Fab assay) epitopes were examined (Fig. 7) .
Discussion
These studies are motivated by the desire to understand the mechanisms of cartilage degeneration in the two major forms The patients recruited to the study all had definite RA or OA of sufficient severity for them to have been referred to a rheumatology center, and of sufficient activity to require aspiration of SF from a knee joint. It is therefore not surprising that there were relatively few patients with recent onset disease, and that there was active inflammation in all those with RA; factors that put some restrictions on our ability to relate changes to disease duration and severity, or the extent of the inflammatory response in RA. All our patients were on some form of drug therapy, including a wide range of analgesic, anti-inflammatory, and anti-rheumatic drugs, and it was not possible to control for the possible effects of these agents on cartilage metabolism. However, because of the known inhibitory effects of steroids on chondrocytes metabolism (35, 36) , patients who had received a local steroid injection to the index knee within the last three months were excluded.
It has been reported that serum levels of aggrecan fragments bearing KS, measured by ELISA immunoassay of a highly sulfated domain of KS by the antibody 5D4, are elevated in patients with OA (22) (23) (24) (25) . However, more recent data has not conCartilage Markers in Arthritis firmed an increase of KS levels in OA (30) . Using our antibody to KS, which exhibits very similar reactivity to antibody 5D4 (31 ) in assays that detect either primarily large fragments (IgG assay), or both large and small fragments (Fab assay), we could find no evidence of serum elevations in patients with OA in comparison with a large control group. There was a reduction in serum KS in patients compared with controls in the RA group. This was most apparent when the KS Fab assay (which detects both large and the small fragments) was used. The reduction in serum KS levels in RA was shown to be due to a reduction in the absolute content rather than the size of fragments present in arthritic samples compared with normals; the normal sera would appear to contain more of the smaller fragments which are not detected by the assay utilizing intact IgG. Whether these differences could be due to changes in KS chain length is unclear at present. Inflammation may be the cause of the reduction in serum content of the KS epitope. Our earlier work (29) and a more recent investigation (30) both revealed an inverse correlation between serum KS and acute phase proteins in RA, a finding that has been confirmed for OM in this investigation. Serum TNFa levels are also indirectly related to KS levels in RA (32) . Moreover, in RA we also noted that as leukocyte joint fluid count or MPO or joint score increased so serum levels decreased. Therefore increased inflammation both systemically and in joints negatively influences serum KS levels. KS levels in the SF were also related to the degree of local inflammation, as measured by cell counts and the release of ECP and MPO. As expected, most OA joints had little evidence of synovitis, but in those which did have an elevation of leucocyte counts, or in which PMN content or MPO or ECP levels were increased, there was a reduced level of KS fragments. Thus in OA, the local joint relationships resembled those observed between serum KS levels and markers of systemic and local joint inflammation in RA. The situation was quite different in RA SF, in which there was a direct relationship between KS levels and leucocyte counts, as seen for aggrecan in other studies of inflammatory arthritis (37) proteoglycan that was susceptible to degradation shortly after synthesis, then there would be less aggrecan to be degraded, and less KS released. It is well known that inflammatory mediators such as IL-1 and TNFa can potently inhibit synthesis in vitro, and in vivo, at levels far less than those required to induce degradation (10) (11) (12) (13) (14) . Previous investigations have indicated that IL-lb levels in OA SF are much lower than those found in RA whereas those of TNFa are similar (38 and serum levels were much higher than with the KS epitope. Thus SF levels of the 846 epitope more clearly reflect local abnormalities in cartilage metabolism. Recent studies have suggested that the CS epitope 846 is likely to be a marker of aggrecan synthesis rather than degradation (17) , although this still requires direct confirmation. The epitope is present on the largest aggrecan molecules: in normal cartilages on those molecules which exhibit complete aggregation with hyaluronic acid. Ordinarily only about 50-55% of the molecules aggregate. This is likely reduced due to damage to the region of the molecule (the GI globular domain) that binds to hyaluronic acid (17) . Levels of the 846 epitope in OA articular cartilages are elevated over those in normals (17) . Thus, its striking elevation in SF of patients with OA and to a lesser degree with RA coupled with increased disease duration and joint space narrowing likely reflects increased metabolic changes. These are probably at the level of aggrecan synthesis which is increased in OA (1, 2) and which in RA joints may be inhibited at the level of synthesis when leucocyte counts increase, in view of the indirect correlation with the 846 epitope. Circulating levels of the 846 epitope, both absolute levels and these related to KS, were commonly elevated in patients with RA and to a lesser extent in OA. This may relate to the release of this epitope from cartilages in diseased joints since the 846/ KS ratio correlated with total joint score in RA. OA, unlike RA, usually affects likely a smaller number of joints, and thus a smaller proportion of total body cartilage would likely contribute to 846 epitope levels in serum.
In contrast, SF levels of 846 were inversely related to KS Fab epitope levels in both disorders. This would be expected if local KS production results from aggrecan degradation, and 846 from synthetic activity in contrast to serum where KS and 846 are directly correlated in normals and in OA. The inverse relationship of the SF 846 epitope to cell and differential counts in RA fluids would also argue in favor of 846 being a marker of synthesis, since inflammatory cytokines can result in reduced synthesis in vivo (10). The decrease in the 846/KS ratio in RA SF with increased leucocyte count points to a possible increase of degradative over synthetic activity whereas in OA joints, the increase in this ratio with disease duration in OA reflects a shift towards synthesis in more advanced disease as we observed before (17) .
The elevation of 846 epitope in sera of patients with RA and its correlation with joint involvement in RA (including the 846/KS ratio) indicate that its measurement in serum may be of real value in studying the effect of disease on joint cartilage metabolism in RA. In fact in more recent studies we have observed a striking reduction in serum levels of this epitope in patients with early RA which exhibit rapid erosive disease compared with those with slow erosive disease (Saxne, T., D. Heinegard, M. Ionescu, and A. R. Poole, manuscript in preparation).
Again this may reflect impaired synthesis of aggrecan.
In conclusion, these studies raise important questions concerning alterations in cartilage aggrecan metabolism in arthritis, how it may be differently affected by inflammation in RA and OA and how it may be measured in future. They demonstrate the potential for using measurement of aggrecan epitopes in body fluids as indicators of disease activity and in particular identify serum 846 epitope as a particularly valuable index of disease activity in RA.
